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Available online 25 January 2017The electromagnetic (EM) soil properties are dynamic variables that can change considerably over time, and they
fundamentally affect the performance of Ground Penetrating Radar (GPR). However, long-term ﬁeld studies are
remarkably rare and records of the EM soil properties and their seasonal variation are largely absent from the
literature. This research explores the extent of the seasonal variation of the apparent permittivity (Ka) and bulk
electrical conductivity (BEC) measured by Time Domain Reﬂectometry (TDR) and their impact on GPR results,
with a particularly important application to utility detection. A bespoke TDRﬁeldmonitoring stationwas speciﬁcally
developed and installed in an anthropogenic sandy soil in the UK for 22months. The relationship between the tem-
poral variation of the EM soil properties and GPR performance has been qualitatively assessed, highlighting notably
degradation of the GPR images during wet periods and a few days after signiﬁcant rainfall events following dry
periods. Signiﬁcantly, it was shown that by assuming arbitrary average values (i.e. not extreme values) of Ka and
BECwhich do not often reﬂect the typical conditions of the soil, it can lead to signiﬁcant inaccuracies in the estima-
tion of the depth of buried targets, with errors potentially up to approximately 30% even over a depth of 0.50 m
(where GPR is expected to be most accurate). It is therefore recommended to measure or assess the soil conditions
during GPR surveys, and if this is not possible to use typical wet and dry Ka values reported in the literature for the
soil expected at the site, to improve conﬁdence in estimations of target depths.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).Keywords:
Seasonal electromagnetic soil properties
Time Domain Reﬂectometry
Ground Penetrating Radar
Field monitoring
Geophysics
Utility detection1. Introduction
The goal of remote sensing of the subsurface, particularly in urban en-
vironments, is to create an accurate 3D representation of the ground and
all other buried features. For streetworks operations, this activity becomes
crucial as an accurate knowledge of the subsurface allows appropriate
planning for quick and clean operations, with minimal impacts on trafﬁc,
businesses and multiple other city disruptions under all three pillars of
sustainability (Read and Vickridge, 2004; Rogers, 2015). With increasing
demands on surface space in cities, more and more attention is been
given to the use of underground space (Bobylev, 2016). Ground Penetrat-
ing Radar (GPR) and other remote sensing technologies are often reliable
creators of 2D maps, but accurate depth estimations remain a major
challenge, which is recognised by the ASCE (2002) guidelines, which do
not attribute depth information to geophysical survey data in contrast
to theBSI (2014) speciﬁcation. Inaccurate depth information canhave sig-
niﬁcant consequences ranging from increased risk of utility strikes (Metje
et al., 2015) to requiring trench wall support for deeper excavations. As a. This is an open access article underresult, operators and the public's health and safety are at risk, as well as
delays to the project if site operations are not prepared for any complica-
tions resulting in signiﬁcant added costs. In addition, in urban areas in
particular, the subsurface is very congested and complicatedwith services
of different ages and at different depths therefore accurate location in-
cluding depth is vital (Fig. 1).
More generally, GPR is employed in a wide variety of applications,
such as the identiﬁcation of soil layers, the depth of shallow bedrock
and the water table, the detection of land mines, the location of utilities
and the identiﬁcation of archaeology just to mention a few, but for all of
these depth information is absolutely vital (Daniels, 2004). However,
the ability of GPR to detect underground features is strongly dependent
on the electromagnetic (EM) properties of the soil, which are affected
by the soil type and conditions (Doolittle and Collins, 1995; Doolittle
et al., 2007). Comprehensive characterisation of the EM behaviour of
soils is essential when applying shallow geophysical methods such as
GPR for investigating the subsurface if the ambitious goals of accurate
3D mapping are to be achieved. This paper represents the culmination
of a novel and ambitious programme of research to make a step change
in the understanding of the soil EM properties for surface remote
surveying of the subsurface (Thomas et al., 2008, 2010a, 2010b; Thring
et al., 2014).the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. Example of service utilities commonly found in urban areas.
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of the EM soil parameters with different soil properties and more im-
portantly with weather conditions, in particular water inﬁltration, is
vital to improve the depth resolution of GPR and other geophysical
survey technologies (Foo et al., 2011; Rogers et al., 2009), allowing for
better planning and interpretation of surveys. A direct knowledge of
the variability of the soil's EM properties encountered in the ﬁeld will
give GPR practitioners the tools necessary for selecting the best
equipment, providing better conﬁdence in the data (including depth)
and ultimately leading to an improved 3D representation of the subsur-
face, which has signiﬁcant beneﬁts to their clients.
The fundamental EM soil properties are the dielectric permittivity,
the electrical conductivity and the magnetic permeability. Soils are
often considered non-magnetic (Cassidy, 2009), although this is not
true if they contain signiﬁcant amounts of magnetic minerals such as
iron oxides (Cassidy, 2008). The EM behaviour of non-magnetic soils
can be described by the electrical properties only (i.e. dielectric relative
permittivity and electrical conductivity).
Several techniques, including GPR and Time Domain Reﬂectometry
(TDR), have been successfully used to estimate the soil water content
based on the measurement of the EM soil properties (Huisman et al.,
2003a; Robinson et al., 2003; Topp et al., 1980). More recently it has
been shown that these properties are related to basic geotechnical param-
eters, such as the Atterberg limits and the linear shrinkage which could
potentially be used for their prediction (Rogers et al., 2009; Thomas
et al., 2010a, 2010b). Thiswould be a signiﬁcant advantage to geotechni-
cal engineers and geophysicists as it is often easier to determine the
geotechnical soil properties in the ﬁeld. This would also beneﬁt all geo-
physical surveys relying on EM signal transmission with applications
ranging from buried utilities to mineshafts and archaeology.
Past research involving EM sensors such as TDR has primarily
focussed on the measurement of the soil water content based on the
apparent permittivity (Ka) and, in some cases, on the bulk electrical
conductivity (BEC, S/m) (Bittelli et al., 2008, Heimovaara and Bouten,
1990, Herkelrath et al., 1991, Herkelrath and Delin, 2001, Logsdon,
2005). TDR has the advantage to be able to measure both parameters,
although not all the available commercial systems offer this possibility
(Robinson et al., 2003). Field measurements by TDR have successfully
been carried out in the past (Herkelrath et al., 1991, Herkelrath and
Delin, 2001; Menziani et al., 2003, Rajkai and Ryden, 1992). However,
the simultaneous and continuous long-term ﬁeld monitoring of
both Ka and BEC is starkly noticeable by its absence in the literature.
Long-term (i.e. seasonal) ﬁeld monitoring of the EM soil properties
has considerable beneﬁts when comparedwith repeated GPRmeasure-
ments as it would provide a comprehensive understanding of the soil
behaviour and useful insights on the use of the GPR technique. Thekey beneﬁt of TDR is that it operates on similar principles to GPR and
hence is particularly well suited for supplementing GPR data during
monitoring applications as it can provide more detailed insights
on the spatial and temporal variations of the soil properties. Both
TDR and GPR work at a similar frequency range (i.e. approximately
10 MHz to 1 GHz) and therefore the two techniques can be directly
compared and used effectively in combination. In this frequency range
the measurements respond predominantly to the amount of free
water within the soil and are less affected by the bound water held on
the surface of the soil particles (Saarenketo, 1998; Gong et al., 2003).
The total water content (i.e. bound and free water) of the soil can be
measured with alternative techniques such as neutron probes and
nuclear magnetic resonance sensors although they are currently not
commonly used due to high cost and health and safety issues. Other
widely used EM techniques such as the capacitance probes and electri-
cal resistivitymethods operate at a lower frequency range and therefore
are less comparable to GPR. They are also more susceptible to tempera-
ture variations, salinity and soil texture than TDR (Robinson et al.,
2003). The main difference between TDR and GPR is the sampling
volume, with TDR measuring a small volume of a few cm3 around the
probe (Ferré et al., 1998) while GPR measures a greater volume of
the order of several m3, depending on the equipment used and the at-
tenuation of the soil. Previous studies compared point measurements
from TDR sensors and GPR measurements using the ground wave
propagating through the topsoil (Huisman et al., 2001, 2003b). However,
due to the limited penetration depth of the ground wave, these
studies investigated only a shallow depth of a few centimetres below
the surface. Weiler et al. (1998) used TDR probes at different depths to
establish a soil speciﬁc calibration and compared the results to GPR
measurements. However, TDR sensors were not left long-term on site
and a discussion on the seasonal effects on the GPR performance was
not carried out.
The seasonal variation of soil properties has been investigated in the
past in order to understand their effect on the GPR ability to detect soil
layers (Boll et al., 1996; Kowalsky et al., 2001; Lunt et al., 2005; Zhang
et al., 2014). However, these studies discussed only the results of select-
ed ﬁeld campaigns not repeated over the years, possibly failing to
account formore rare extreme conditions. The literature provides no in-
formation of studies conducted in theﬁeld of utility detection combined
with the inﬂuence of changing soil conditions on the depth estimates of
the targets. As highlighted previously, if this information is not accurate
in the 3D representation of the buried assets in the ground, it can lead to
a signiﬁcantly increase in health and safety risks and cost due to
additional trafﬁc congestion, project delays and utility damage.
The aim of this paper therefore is to ﬁll a gap in the literature with
respect to long term monitoring of Ka and BEC using TDR and relating
this to GPR surveys for utility detection throughout a range of weather
conditions. Both short-term (i.e. daily) and long-term (i.e. seasonal)
variations were investigated and quantiﬁed by a bespoke TDR installa-
tion and their inﬂuence on GPR surveys for buried utility detection
assessed. An analysis of the potential errors in depth estimates induced
by changing soil properties, vitally signiﬁcant for accurate 3Dmodels, is
also presented.
2. Electromagnetic monitoring with TDR and GPR
TDR and GPR are both EMmethodsworking on analogous principles
and are similarly dependent on the EM properties of the soil, i.e. the
dielectric permittivity, the electrical conductivity and the magnetic
permeability.
The dielectric permittivity is a measure of the ability of a material to
polarise under the inﬂuence of an electricﬁeld. It represents the signal en-
ergy that can be stored in a material through separation of charges. It is
described by a frequency dependent complex number, εr⁎(f), with the
real part representing the storage of energy, εr′(f), and the imaginary
part describing the loss mechanisms, εr″(f). It is normally expressed
36 G. Curioni et al. / Journal of Applied Geophysics 141 (2017) 34–46as the ratio to the dielectric permittivity of free space (ε0, 8.854 ×
10−12 F/m). The relative complex dielectric permittivity, εr⁎(f) – from
now on the terms ‘relative’ and ‘dielectric’ will be omitted – is given in
Eq. (1).
εr fð Þ ¼ ε0r fð Þ− j ε″p fð Þ þ
σdc
2πf ε0
 
ð1Þ
where εp″( f) represents the dipolar losses due to relaxation, σdc is the
static electrical conductivity (S/m), f is the frequency (Hz) and j is the
imaginary number, √−1. TDR measures an apparent permittivity that
comprises both the real and imaginary parts of the complex permittivity
and can be approximated to the real permittivity only in low-loss mate-
rials (Bittelli et al., 2008; Topp et al., 2000). The soil apparent permittivity,
Ka (note that the symbols ε and K have been used interchangeably in the
literature, see for example Robinson et al., 2003 and Huisman et al.,
2003a), is deﬁned by Eq. (2).
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where μ r is the relative magnetic permeability, expressed as the ratio
between the absolute magnetic permeability of the soil and the absolute
magnetic permeability of free space (μ0, 1.26 × 10−6H/m). For low-loss
soils Ka is related to the signal propagation velocity, v (m/s), by Eq. (3).
v ¼ cﬃﬃﬃﬃﬃﬃ
Ka
p ð3Þ
where c is the speed of light in a vacuum (2.9979 × 108 m/s).
The principle on which TDR operates is similar to the principle of
radar. TDR sends a broadband EM pulse into a coaxial transmission
line comprising a cable and a probe, usually consisting of two or three
metal rods, and measures the reﬂections resulting from an impedance
change (Robinson et al., 2003). The frequency corresponding to the
measured Ka (Eq. (2)) depends on the equipment used and on the dis-
persive nature of the soil (i.e. the variation of the complex permittivity
with frequency), and is generally not easily speciﬁed (Robinson et al.,
2003). The typical TDR frequency bandwidth is between 10 MHz and
1 GHz (Topp et al., 2000). According to Eq. (2) the soil Ka includes the
magnetic characteristics, together with the dielectric losses due to
relaxation and electrical conductivity. However, practical geophysical
applications such as GPR do not necessarily require knowledge of each
individual component and Ka is most useful because of its relationship
with the signal propagation velocity (Eq. (3)). In addition, TDR is able
to measure the low frequency value of BEC that is reasonably close to
the static conductivity (Topp et al., 2000) and gives an indication of
the signal attenuation. Therefore TDR can be used to characterise the
EM behaviour of soils. Extensive information on the calibration and
measurement of Ka and BEC by TDR are found in the literature and are
not discussed here (see, among others, Bechtold et al., 2010, Curioni
et al., 2012, Lin et al., 2007, 2008, Huisman et al., 2008, Robinson et al.,
2003).
GPR can be used to measure the soil Ka in the presence of a clear
target (Huisman et al., 2003a). In the case of linear buried utilities such
as pipes, the typical GPR response taken from transects perpendicular
to the target is a hyperbola. The average Ka of the soil above the target
can be measured by ﬁtting the hyperbola (Huisman et al., 2003a), from
which the signal velocity can be calculated using Eq. (3) and the depth
of the target estimated. Conventionally, GPR has the disadvantage that
it cannot be automated for ﬁeld surveys and therefore is less suited for
continuous monitoring.3. Field case study
3.1. Site characterisation
A TDR-based ﬁeldmonitoring stationwas developed at the University
of Birmingham campus (UK) in order to continuously monitor the soil
Ka and BEC for a long-time period covering different seasons (Curioni,
2013). The test site was located on quaternary glacioﬂuvial deposits
dated to the Middle Pleistocene (0.126–0.781 Ma). The water table
was known to vary between 6.5 m and 8.0 m depth (Hatzichristodulu
et al., 2002). According to BSI (2015) the investigated soil was very
gravelly SAND comprising a topsoil of 0.20moverlaying a sandy subsoil.
For convenience of analysis, the subsoil was divided into subsoil 1, from
approximately 0.20 and 0.70 m, and subsoil 2, from 0.70 and 1.10 m,
with slightly higher clay content (Fig. 2a). Aside from its easily accessi-
ble location, the site was chosen because was deemed to be relatively
representative of urban environments. In fact, the soil lacked speciﬁc
structure, it contained anthropogenic materials such as bricks and
traces of coal, and was disturbed during construction works that
occurred a few decades ago. Furthermore, although the soil was not
covered with a hard surface, it was deemed representative of urban
conditions as it was rich in sand, gravel and cobbles, materials typically
found under roads and pavements. Moreover, it represents anthropo-
genic ﬁll which is common in urban environments where the parent
soil has been displaced during development processes. According to
the British Geological Survey superﬁcial geology map (BGS 1:50,000)
similar sand and gravel deposits are widespread in the UK and found in
several major urban areas.
The characterising parameters for the three horizons are summarised
in Table 1. Density and oven-dried gravimetric water content (GWC)
were measured on samples collected before the TDR installation. Due to
the limited depth of the manual excavation the density and GWC were
not measured for the deeper horizon. pH and organic matter (OM)
were measured from samples taken during the TDR ﬁeld installation.
3.2. Field monitoring
Themonitoring equipment consisted of a Campbell Scientiﬁc TDR100
device, three SDMX50SPmultiplexers and two arrays of eight CS645 TDR
probes (three-rod, 75 mm long, 3 m cable length) installed horizontally
down to approximately 1 m depth and 1 to 2 m apart (Fig. 2b). The
reason for using two arrays derived from the need for cross-validation
of the results and also as a backup in the event of probe failure. Three
temperature sensors were also buried at different depths. The TDR
probes were relatively shallow in order to provide detailed information
on the typical depth of utilities in the UK (Thomas et al., 2009).Measure-
ments were taken with hourly frequency for a period of approximately
22 months, starting the 20th August 2010 and ending the 6th July
2012. A number of gaps in the data occurred during this period mainly
related to problemswith the power supply. Further details on the exper-
imental development, calibration and data processing are reported in
Curioni et al. (2012) and Curioni (2013). The measurement error of the
TDR setup used in this study was shown to be ±2% and ±3% for Ka
and BEC, respectively, based on travel time measurements in liquids.
Weather data were collected from a weather station located approxi-
mately 100m from the test site. In addition to the continuousmonitoring
by TDR, regular GPR surveys (approximately once a week) were
conducted on a predeﬁned transect over speciﬁcally buried targets in
order to study the impact of the temporal variations of the EM soil prop-
erties on GPR (Fig. 2c and d). The targets were 25mmdiameter stainless
steel pipes and 100 mm diameter (air-ﬁlled and sealed at both ends)
plastic pipes, 2.5m and 2m long, respectively, andwere buried at differ-
ent depths down to approximately 1m. TheDetector DuoGPR systemby
IDS (Ingegneria Dei Sistemi) was used giving an output frequency at
approximately 250 MHz and 700MHz. A standard processing technique
included in the GRED software provided by the GPR manufacturer was
Fig. 2. a) Test site soil proﬁle, b) schematic diagram of the TDR installation, c) vertical cross-section of the buried targets, d) predeﬁned GPR transect perpendicular to the buried pipes and
positioned next to the TDR monitoring station.
37G. Curioni et al. / Journal of Applied Geophysics 141 (2017) 34–46used to analyse the data and involved vertical and horizontal bandpass
ﬁlters, smoothed gain and moved start time (i.e. zero time correction).
The identiﬁed hyperbolae were manually ﬁtted using the GRED software
in order to calculate the average Ka of the soil above the target (Huisman
et al., 2003a). In order to reduce uncertainty in the analysis, the mean
values obtained from four repeated scans along the same transect were
used. The differences betweendifferent scanswere found to be negligible.
4. Results and discussion
4.1. Seasonal variation of the EM soil properties
During the monitoring period the soil EM properties varied signiﬁ-
cantly, which has a signiﬁcant impact on the interpretation of geophysicalTable 1
Characterisation of the investigated soil at the University of Birmingham test site. [Note:
the particle size percentages are by weight and were calculated according to BSI (1999).]
Depth (m) Gravel (%) Sand (%) Silt + clay (%)
0.00–0.20 1 87 12
0.20–0.70 48 48 4
0.70–1.10 34 57 9
Depth (m) ρdry (g/cm3) ρbulk (g/cm3) ρpart (g/cm3) GWC (%)
0.00–0.20 1.11 1.50 – 35.87
0.20–0.70 1.49 1.67 2.66 12.50
Depth (m) pH OM (%)
0.00–0.20 5.94 4.7
0.20–0.70 6.35 0.9
0.70–1.10 6.30 1.3survey data. Fig. 3 shows the variationwith depth of Ka and BECmeasured
by each TDR probe and for both arrays. The variability with depth
decreased during dry conditions, expressed by minima values of EM soil
properties. Conversely, a higher variability with depth was measured
during wet periods. In this case, higher values of the EM soil properties
were measured by the shallower probes inserted in the topsoil and by
the deeper probes inserted in themore clayey soil horizon. This variability
within the soil proﬁle can lead to multiple reﬂections and hence contrib-
ute to the degradation of the GPR results (see later Section 4.3). Fig. 3
demonstrates the existence of similar trends for both arrays, although
the absolute values were not always consistent.
The summary statistics of themeasured properties organised by soil
horizon for the entire period of ﬁeld monitoring are shown in Table 2.
The extent of variation occurring in the soil studied was signiﬁcant,
with Ka changing over a factor of 7 for the topsoil and 3 for the subsoil.
The corresponding propagation velocity calculated from Eq. (3) varied
by a factor of approximately 3 and 2 for the topsoil and subsoil, respec-
tively. The magnitude of BEC changed by a factor of more than 100 for
the topsoil and 8 for the subsoil, however the values remained low
over the monitored period due to the sandy nature of the soil. Despite
the seasonal variation of BEC being less signiﬁcant for this soil,
the change in Ka has important implications for the transmission of
EM waves through soil. Examples of GPR results taken at extreme
conditions are described later and demonstrate the importance of this
variation.
In order to determine the depth of buried targets the propagation
velocity of GPR signalsmust be known and can be calculated from amea-
surement or estimation of the soil Ka according to Eq. (3) (Martinez and
Byrnes, 2001; Pennock et al., 2012). Typical ranges of values for different
materials are reported in the literature, often with a distinction between
wet and dry conditions (Daniels, 2004). It is crucial to note that mean
1 The seasons by calendar were deﬁned as follows.Winter: Dec 21–Mar 20, Spring:Mar
21–Jun 20, Summer: Jun 21–Sep 22, Autumn: Sep 23–Dec 20.
Fig. 3.Variabilitywith depth of the soilKa and BECmeasured by the TDRprobes for each array during the entire ﬁeldmonitoring. [Note: the horizontal lines show the approximate position
of the soil horizons; the markers indicate the depth of the TDR probes.]
Table 2
Summary statistics of the measured soil properties by soil horizon.
Ka BEC (mS/m) Temperature (°C) Velocity (m/ns)
Min Max Mean Min Max Mean Min Max Mean Min Max Mean
Topsoil 3.7 25.6 12.5 0.1 10.5 3.0 2.0 21.1 10.1 0.059 0.157 0.085
Subsoil 1 4.0 14.0 8.5 0.8 5.9 2.5 3.0 20.0 12.4 0.080 0.149 0.103
Subsoil 2 7.2 17.5 12.1 1.3 10.7 4.5 2.0 21.4 12.2 0.072 0.112 0.086
38 G. Curioni et al. / Journal of Applied Geophysics 141 (2017) 34–46values are likely not representative of the real soil conditions. For this case
study this is demonstrated by the frequency histograms shown in Fig. 4. It
is apparent that Ka and BEC were not normally distributed and two ap-
proximate peaks could be identiﬁed corresponding to dry andwet condi-
tions (i.e. low and high values, respectively). In particular, the mean Ka
values did not occur often during this period and extreme values were
more common. During the monitored period extreme conditions oc-
curred (Spring 2011 was very dry, Spring 2012 was very wet) and this
allowed the full range of the EM properties of the soil studied to be mea-
sured. It isworthnoting that these extreme conditionswere sampled only
thanks to the continuous long-term monitoring programme covering
multiple seasons over two consecutive years.
Fig. 5 shows the seasonal variation of the rainfall, air temperature
and of the EM soil properties for each horizon during themonitoringpe-
riod. The data correspond to the daily rainfall, the daily air temperature
and the daily means of all the probes inserted in each soil horizon. The
topsoil showed greater seasonal variability, with the largest difference
between themaximaandminimavalues. Because of thedirect inﬂuence
of rainfall and evaporation events, a higher variability was also visible
for the topsoil over shorter periods of time. Similar dynamics were re-
ported by other authors for soil water content (Menziani et al., 2003;
Rajeev et al., 2012). Both subsoil horizons, which only contained small
amounts of clay and therefore had low water holding capacity, showedmore homogeneous values.Ka varied signiﬁcantly, with higher values in
Winter and lower values in Summer.1 BEC followed a similar trend but
showed a smaller variation because of the sandy and gravelly nature
of the soil studied. Fig. 5 indicates the existence of a positive relationship
between the EM soil properties and rainfall and an approximate inverse
relationship with air temperature over the Summer months.
4.2. Short-term variation of the EM soil properties
Oneof the beneﬁts of a continuous soilmonitoring station is the abil-
ity to study short-term changes in the soil conditions, including diurnal
variations and the effect of precipitation events. Fig. 6 shows the varia-
tion of the EM soil properties for two selected periods occurring in
Spring 2011, during dry conditions, and in Spring 2012, during wet
conditions, respectively. In both cases the soil temperature did not vary
signiﬁcantly, with differences between maxima and minima smaller
than 3 °C despite a change in the air temperature of more than 8 °C
over a 24 h period. Both Ka and BEC remained approximately constant
during the selected periods and changed noticeably only corresponding
Fig. 4. Frequency histograms of the measured Ka and BEC by soil horizon. [Note: the vertical lines indicate the mean values recorded during the monitoring period.]
Fig. 5. Temporal variation of the daily rainfall, air temperature, Ka and BEC for each soil horizon.
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Fig. 6. Daily variation of the EM soil parameters in the topsoil for two selected periods of a) dry and b) wet conditions occurring in Spring 2011 and Spring 2012, respectively.
40 G. Curioni et al. / Journal of Applied Geophysics 141 (2017) 34–46to precipitation events. It is worth noting that the TDRmeasurements in
this study were not corrected for temperature. The variation of Ka due to
temperature was negligible except at very high water contents corre-
sponding to Ka greater than 25, where an additional variability of
±1 unit of Ka was possible (Curioni, 2013). Rainfall was conﬁrmed to
be the dominant driver causing the EM soil properties to change. A
time lag of a few hours from a signiﬁcant rainfall event occurring on
the 18th April 2012 and the increase in the values of EM soil propertieswas recorded by the probes in the topsoil (Fig. 6). Time-domain cross
correlation analyses on a number of additional precipitation events con-
ﬁrmed the existence of statistically signiﬁcant lagged correlations be-
tween rainfall and EM soil properties, with lags of the order of several
hours up to several days, depending on the depth and on the rainfall
intensity, and duration (Curioni, 2013). Although not unexpected,
these results have potential implications for planning and interpreting
GPR surveys (see Section 4.4).
41G. Curioni et al. / Journal of Applied Geophysics 141 (2017) 34–46Both Ka and BEC did not show an evident diurnal cycle for the soil
studied. The lack of a diurnal cycle for soil water content has been pre-
viously reported in the literature for other soil types (Mohanty et al.,
1998). It is reasonable to assume that in the absence of a diurnal cycle
for temperature it is likely that both Ka and BEC do not exhibit a diurnal
cyclic variation. This, however, might not be true for locations with
highly conductive soils and signiﬁcant daily temperature variation.
4.3. Impact of seasonal conditions on GPR
The variation of the EM soil properties could have an important im-
pact on the performance of GPR. In order to demonstrate this, extreme
wet and dry conditions over the monitoring period were selected and
analysed based on the Ka values measured by the TDR probes. At the
wet extreme the Ka along the soil proﬁle ranged between approximately
9 and 25, with the majority of probes measuring values greater than 15.
At the dry extreme themeasuredKawas between approximately 3 and 9,
with themajority of probesmeasuring values smaller than 5. Fig. 7 shows
the processed radar sections obtained at these extremes over the buried
targets at the test site. The white arrows with white and black tips show
the pipes speciﬁcally buried for this study (metal and plastic, respective-
ly. See also Fig. 2c); the black arrows indicate the approximate location of
other pipes/objects already present on site. The quality of the imageswas
substantially reduced during wet conditions (Fig. 7a and b) as compared
to dry conditions (Fig. 7c and d), particularly at 700 MHz, likely because
of greater attenuation. The pipes on the right of the section, buried at ap-
proximately 1 m depth, were not clearly visible during wet conditions
and therefore could potentially remain undetected. The unidentiﬁed
object on the right of the section, indicated by a black arrow in Fig. 7cFig. 7. Radar sections obtained using two different frequencies during a) and b) wet conditions
position of the buried targets. The plastic pipes are shown in white with a black tip, the metaland d, was only visible during dry conditions. Despite the low EM loss
due to the negligible BEC, the abundance of cobbles of the dimension of
a few centimetres contributed to dissipate the signal through multiple
reﬂections. Increased scattering due to the presence of cobbles, bricks
and other object is a common problem in anthropogenic materials and
can signiﬁcantly reduce the quality of GPR images (Igel, 2008; Slob
et al., 2009; Igel et al., 2011).
Table 3 shows the signal propagation velocity (m/ns) and Ka for the
wet and dry extremes obtained after ﬁtting the hyperbola generated
from the metal pipe at approximately 5 m along the transect and
0.53 m deep (second white arrow from the left in Fig. 7) using the
GRED software. This metal pipe was chosen for the analysis because it
was always detectable and it could be approximated more realistically
to a point source compared to the larger plastic pipe at the same
depth. The deeper targets could not be used for this comparison because
of the difﬁculty of ﬁtting the hyperbolae during wet conditions. Due to
the non-dispersive nature of the soil, ﬁtting using the two different
GPR frequencies returned very similar values of Ka. A velocity variation
was observed corresponding towet and dry conditions, with amean ab-
solute difference of 0.054 m/ns. The Ka measured with GPR was used in
this analysis because it was considered more representative of the bulk
soil conditions above the target (i.e. the TDR measurements are more
localised).
The variation in velocity at extreme soil conditions has important
implications for accurately determining the depth of underground ob-
jects. Taking the pipe buried at 0.53 m depth as an example of a target
for which the depth is not known and cannot be determined (e.g. a
hyperbola cannot be ﬁtted), a Ka value is required in order to estimate
the propagation velocity (Eq. (3)) and therefore the target depth. It is, and during c) and d) dry conditions. [Note: the vertical arrows indicate the approximate
pipes in white, the pre-existing pipes in black.]
Table 3
Propagation velocity and estimated target depths with relative error calculated using different Ka input values, i.e. the actual Ka measured by GPR using the metal target at 0.53 m, the
average Ka measured by TDR over the same depth, and the ‘typical’ Ka values for the soil studied (Daniels, 2004).
13-01-2011
Wet conditions
20-08-2011
Dry conditions
13-01-2011
Wet conditions
20-08-2011
Dry conditions
13-01-2011
Wet conditions
20-08-2011
Dry conditions
Meas. Ka
(GPR)
Meas. Ka
(GPR)
Average Ka
(TDR)
Average Ka
(TDR)
Typical Ka
(wet sand)
Typical Ka
(dry sand)
Input Ka 13.4 4.9 9.5 9.5 20.0 4.0
Velocity (m/ns) calculated from Eq. (3) 0.082 0.136 0.097 0.097 0.067 0.150
Time at 0.53 m (ns) 13.00 7.75 13.00 7.75 13.00 7.75
Target depth (m) 0.53 0.53 0.63 0.38 0.44 0.58
Depth error (m) 0.10 0.15 0.10 0.05
Depth error (%) 19.0 28.5 18.0 10.1
42 G. Curioni et al. / Journal of Applied Geophysics 141 (2017) 34–46of critical importance to estimate a value of Ka accounting for both the
soil type and conditions. Table 3 shows the error in depth estimation ob-
tained by using the average Ka corresponding to 0.53 m (i.e. 9.5) mea-
sured by the TDR probes and by using typical values for wet and dry
sand as reported in the literature (Daniels, 2004). The average value of
Ka above 0.53mwas calculated from the TDR probes using the refractive
index averaging method (Topp et al., 1982; Robinson et al., 2003),
according to Eq. (4).
Ka TDRð Þ ¼
ΣLi
ﬃﬃﬃﬃﬃﬃ
Kai
p
ΣLi
 !2
ð4Þ
where Li is the thickness of the soil layer iwith contrasting values of Ka
compared to the adjacent layers. For this analysis, and a subsequent
comparison between TDR and GPR described in Section 4.5, the soilFig. 8. Radar sections obtained a) and b) before, and c) and d)proﬁle was divided into layers of varying thickness down to a depth of
1.08 m (i.e. corresponding to the deepest TDR probe) based on the
measured Ka values and the depth of the buried probes. Three layers
of thickness 0.10 m, 0.22 m and 0.21 m were used to describe the
conditions above 0.53 m.
Asmentioned above, different inputKa valueswere used to calculate
the signal velocity using Eq. (3). The Ka obtained from ﬁtting the GPR
hyperbola was the correct value as it was an actual measurement
representing the soil conditions at the time of the survey (ﬁrst two
columns in Table 3). The average Kameasured by the TDR probes during
the entire monitoring period calculated using Eq. (4) was chosen as an
arbitrary input Ka (second and third columns in Table 3). Finally, typical
Ka values reported in the literature for wet and dry conditionswere also
used (fourth and ﬁfth columns in Table 3). After converting the input Ka
to velocity using Eq. (3), the depth of the target was calculated by mul-
tiplying the velocity and the time of the top reﬂection corresponding toafter a rainfall event occurring during wet soil conditions.
43G. Curioni et al. / Journal of Applied Geophysics 141 (2017) 34–46the metal target buried at 0.53 m (second white arrow from the left in
Fig. 7). This value was halved to account for the two way travel of the
signal. It is apparent that using the average Ka value measured by TDR
over the monitoring period produced signiﬁcant errors of 19% and
28.5% if used during wet and dry conditions, respectively. Daniels
(2004) reported values of 10–30 for wet sand and 2–6 for dry sand.
These ranges are quite large for wet conditions but help reduce the
error of depth estimation, particularly during dry conditions (Table 3). It
is therefore important to measure or assess the soil conditions during
GPR surveys ifmore accurate estimations of the target depths are needed,
for example during repair/new installation works on sites with a high
density of buried utilities and higher risk of strikes.
Comparable errors in depth estimation caused by lateral variations
of water content were also reported in the literature (Boll et al., 1996).
This demonstrates the importance of both the spatial and temporal var-
iations of the soil Ka for accurate measurements of the target depths. If
the soil type is known, an improved estimation of Ka (and therefore
depth) can be obtained by using mixing models (Martinez and Byrnes,
2001) or by numerical simulations (Pennock et al., 2012). Alternatively,
if the soil volumetric water content can be assessed, a value of Ka can be
estimated from petrophysical relationships (e.g. Topp et al., 1980;
Birchak et al., 1974). If a probe can be inserted in the ground, technologies
such as TDR can be used to provide a direct and therefore more accurate
measurement of the soil Ka.
4.4. Impact of rainfall events on GPR
Three signiﬁcant rainfall events spread over different seasons in
2011 were selected in order to study the impact of rainfall on the GPR
results. GPR surveys were conducted before and 3–4 days after theseFig. 9. Radar sections obtained a) and b) before, and c) and d)rainfall events. Fig. 8 shows the radar sections obtained during a rainfall
event occurring in February 2011 during wet soil conditions. Fig. 9
shows the results of a rainfall event occurring in October 2011 during
dry soil conditions. The amount and duration of precipitation were
approximately comparable and are shown in Table 4. It is interesting
to note that while there was only a minor change in the image quality
during the February event (Fig. 8c and d are not dissimilar to Fig. 8a
and b), the quality was evidently reduced during the October event
(Fig. 9). As compared to the strong targets visible before the rainfall
event (Fig. 9a and b), these became less clear afterwards, particularly
so at increasing depth and for the plastic pipes (white arrows with a
black tip in Fig. 9). The unidentiﬁed object indicated by the black
arrow on the right of the radar sections in Fig. 9 disappeared after the
rainfall event. Analogous results were observed for a similar event
occurring in June 2011 during dry conditions. These ﬁndings indicate
that the ability of detection is not further reduced by rainfall events if
the soil conditions are already wet, but there might be implications for
surveys following rainfall events during dry conditions. This is a signiﬁ-
cant ﬁnding, as traditionally, wet soils have been perceived as more
problematic for GPR surveys. Soil water content heterogeneity is
known to be responsible for the deterioration of the GPR signals and
was shown to signiﬁcantly affect the GPR performance on low-
conductive sandy soils in other studies (Igel, 2008; Igel et al., 2011).
Since the results reported here were based on a limited number of
cases it might not be appropriate to extend these conclusions to rainfall
events of different intensity and other soil types. However, it is reason-
able to assume that if the soil is subject to water inﬁltration following
rainfall it is likely to become less suited to GPR, either because of an in-
creasing signal attenuation, for example in clayey soils, or because of
an increase in signal scattering as happened in this study.after a rainfall event occurring during dry soil conditions.
Table 4
Variation of velocity and Ka before and after three signiﬁcant rainfall events occurring in
2011.
Rainfall event 1
(10.2 mm in 10 h)
18/02/2011 22/02/2011 Difference
Velocity (m/ns) 0.085 0.083 0.002
Ka 12.4 13.6 1.3
Rainfall event 2 (16.8 mm in
20 h)
10/06/2011 14/06/2011 Difference
Velocity (m/ns) 0.120 0.113 0.007
Ka 6.3 7.1 0.8
Rainfall event 3 (8.3 mm in 12 h) 04/10/2011 07/10/2011 Difference
Velocity (m/ns) 0.133 0.125 0.008
Ka 5.1 5.8 0.7
44 G. Curioni et al. / Journal of Applied Geophysics 141 (2017) 34–46Table 4 shows the variation in velocity and Ka measured by GPR
before and after the three selected rainfall events. Ka increased by
approximately 1 unit and the propagation velocity of 0.006 m/ns.
These values were greater than the uncertainty measured from the
repeated GPR scans (i.e. the standard deviations between repeated
scans were smaller than 0.001 m/ns and 0.2 for propagation velocity
and Ka, respectively). However, they do suggest that the conditions of
sandy soils might not change dramatically after single rainfall events
and that prolonged wet or dry periods are responsible for the seasonal
changes in the soil.
4.5. Comparison between TDR and GPR
By ﬁtting the hyperbolae of themetal pipes buried at 0.32m, 0.53m
and 1.03 m it was possible to compare the average Ka above the pipes
measured by GPR with both frequencies (i.e. 250 MHz and 700 MHz)
and the average Ka corresponding to the same depths measured by
the TDR probes using Eq. (4). Ten datasets spanning across the seasons
were used comprising the wet/dry extremes and rainfall events4
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Fig. 10. Ka values measured with GPR and TDR for a number of selected datesdescribed above, and warm/cold extremes occurring on 28 July 2011
and 08 February 2012, respectively (Fig. 10). The Ka values measured
by GPR at the two different frequencies were very similar (Fig. 10)
and their mean value was used for comparison with the TDR measure-
ments. A number of measurements from GPR were missing for the
deeper pipe because hyperbolae were not clearly visible during wet
conditions. In general, GPR and TDR provided analogous measurements
of Ka, with a mean absolute difference of 1.41. However, GPR typically
measured lower Ka values during wet conditions, for Ka greater than
10. Conversely, it measured higher values for Ka smaller than 10, corre-
sponding to dry conditions. It should be noted that GPRmeasured a bulk
Ka over a large sample of soil, whereas the TDRmeasurementswere lim-
ited to the dimensions of the probes, which could only be inserted in
pockets of soils containing particles smaller than the separation be-
tween the rods. The soil studied contained signiﬁcant amounts of cob-
bles that could not be investigated by the TDR probes. As rocks have a
very low Ka this could explain why the bulk Ka measured by the GPR
(i.e. containing the cobbles) was lower than the Ka measured by TDR
during wet conditions. However, the GPR measured higher values
than TDR during dry conditions (see the Summer months in Fig. 10). It
was noted that the TDR probes in the topsoil did not respond to rainfall
events during the Summer months and did not measure an increase in
Ka and BEC following rainfall events as compared to the other seasons.
The soil might have cracked and becomehydrophobic during dry condi-
tions leaving more air in the pores close to the TDR probes and
explaining the lower Ka values measured by TDR. These air gaps either
allowed for very quick drainage or the particles surrounding them be-
came hydrophobic and impeded the ﬂow of water in the volume mea-
sured by the TDR probes. This phenomenon stopped in the Autumn
when the conditions became wetter again. Notwithstanding this, the
differences measured were relatively small and conﬁrmed that both
TDR and GPR can be used for measuring Ka soil proﬁles either by
inserting TDR probes at multiple depths or by ﬁtting clear hyperbolae
detected by GPR. It is interesting to note that the differences between
TDR and GPR were greater if other means of averaging the TDR probes011 Sep2011 Nov2011 Jan2012
comprising wet/dry extremes, warm/cold extremes and rainfall events.
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tioned earlier, the soil proﬁle was divided into six layers of different
thickness based on their Ka values and their depths. If using simple
arithmetic or weighted Ka average by layer thickness themean absolute
difference increased to 1.91 and 1.49, respectively. Similarly, using
fewer layers increased the difference between TDR and GPR measure-
ments. Due to the high spatial variability in the topsoil and due to the
relatively small number of probes installed in the top 0.3 m the differ-
ences between TDR and GPR were greater when compared over this
depth (Fig. 10). The differences became smaller at greater depths, dem-
onstrating the ability of multiple TDR probes buried at different depths
to provide an average characterisation of the EM behaviour of the soil
that can be directly used for GPR applications.
GPRwas able tomeasure slightly different values of Ka depending on
which hyperbola was used for the ﬁtting (i.e. from different targets at
different depths) indicating that it could be used for measuring vertical
gradients of Ka in the presence of clear targets at different depths.
5. Conclusions
This paper has described a unique study tomonitor the EMproperties
(Ka and BEC) of an anthropogenic sandy soil in a long-term ﬁeld trial (Aug
2010–Jul 2012) using TDR up to a depth of 1m in order to determine the
extent of their variation and their impact on GPR results, particularly
depth, for the purpose of utility detection. During the monitored period
a wide range of weather conditions occurred, and, importantly, the
obtained high quality data set ﬁlls in a gap in the literature with respect
to long-term monitoring over several seasons using TDR and GPR along-
side each other. The results will beneﬁt utility surveyors by providing a
better understanding of the impact of weather on GPR performance and
depth determination of buried utilities, and therefore giving GPR practi-
tioners useful information for selecting the best equipment, providing
better conﬁdence in the data (including depth) and ultimately leading
to an improved 3D representation of the subsurface. It is important to
point out that the ﬁndings presented in this paper were obtained on a
sandy soil and therefore the results might not apply to soils with consid-
erable amounts of clay.
It was found that the soil Ka varied signiﬁcantly with the seasons
following prolonged periods of dry and wet conditions, with extreme
values of 3.7 and 25.6 for the topsoil and 5.6 and 15.8 for the bulk
subsoil. The corresponding velocity variation at these extremes was
0.098m/ns and 0.054m/ns for the topsoil and bulk subsoil, respectively.
Due to the sandy and gravelly nature of the soil studied, BEC showed
smaller variability, with extremes of 0.1 and 10.5 mS/m for the topsoil
and 1.0 and 8.2 mS/m for the bulk subsoil. The soil also showed some
variability with depth in these parameters, with less variability during
dry periods. The soil EM properties were primarily affected by changes
in the soil water content caused by prolonged rainfall and evaporation
events and did not show a diurnal variation cycle.
Importantly, it was conﬁrmed that the temporal variation of the EM
soil properties affects GPR performance, with degradation of the GPR
images during wet periods and a few days after signiﬁcant rainfall
events following dry periods. Another key ﬁnding demonstrated in the
paper is that using arbitrary average values of Ka and BEC as inputs
can lead to signiﬁcant inaccuracies in the estimation of the depth of
buried features, with errors potentially up to approximately 30% over
a depth of 0.50 m. These inaccuracies can have major consequences
for utility detection and subsequent streetworks that are relying on
having as accurate depth information as possible.
Whenever a hyperbola cannot be ﬁtted it is recommended that the
soil conditions are measured or assessed during GPR surveys, and if
this is not possible to use typical wet and dry Ka values reported in the
literature for the soil studied for improved estimations of the target
depths. Finally, a comparison between the TDR and GPR results showed
some interesting differences probably due to the different volumes of
soil sampled by the two methods. Overall it can be concluded thatboth techniques can be used to measure Ka soil proﬁles either by
inserting TDR probes at multiple depths or by ﬁtting clear hyperbolae
detected by GPR.Acknowledgements
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